By using two highly conserved regions of the luxA gene as primers, polymerase chain reaction amplification methods were used to prepare species-specific probes against the luciferase gene from four major groups of marine luminous bacteria. Laboratory studies with test strains indicated that three of the four probes cross-reacted with themselves and with one or more of the other species at low stringencies but were specific for members of their own species at high stringencies. The fourth probe, generated from Vibrio harveyi DNA, cross-reacted with DNAs from two closely related species, V. orientalis and V. vulnificus. When nonluminous cultures were tested with the species-specific probes, no false-positive results were observed, even at low stringencies. Two field isolates were correctly identified as Photobacterium phosphoreum by using the species-specific hybridization probes at high stringency. A mixed probe (four different hybridization probes) used at low stringency gave positive results with all of the luminous bacteria tested, including the terrestrial species Xenorhabdus luminescens, and the taxonomically distinct marine bacterial species ShewaneUa hanedai; minimal cross-hybridization with these species was seen at higher stringencies.
The luminous bacteria are among the most intensively studied groups of marine bacteria with regard to taxonomy, phylogeny, and ecology. They are widely distributed as planktonic (35, 37, 42, 46, 50, [52] [53] [54] , saprophytic (2, 7), parasitic (19, 36) , gut symbiotic (9, 39, 44) , and light organ symbiotic (4, 10, 14, 16, 23, 25, 31, 43, 45) forms. The relationships that exist between these niches are not fully understood, although it is clear from many studies that a given marine species can occupy more than one niche and may even move between niches (18, 19, 30, 31) .
While the luminous bacteria are ecologically diverse and widespread in the ocean, the function is apparently confined to a fairly narrow range of marine bacterial species, all closely related and all contained within the gamma subdivision of the class Proteobacteria (3, 11, 34, 51) . Table 1 lists the known marine species that are commonly encountered, as well as some nonmarine and nonluminous isolates used in this study.
The most abundant and well-studied species are in the groups Vibrio harveyi, V. fischeri, Photobacterium leiognathi, and P. phosphoreum. The V. harveyi group is not known to have a light organ symbiotic niche, while the other three are well known as specific symbionts of fishes and/or squids (19) . In addition, all of these species can be isolated as planktonic, saprophytic, and parasitic forms (Table 1) .
Ecological studies have generally used the numerical taxonomic approach to identify isolated bacteria; the usual method is a slight variation (33) of methods originally published by Reichelt and Baumann (40) . While these methods are adequate and usually yield definitive species identifications, they are time consuming and labor intensive, making ecological studies very difficult when large numbers of organisms are studied.
Cloning of the genes (luxA and luxB) that encode the alpha * Corresponding author. and beta subunits of bacterial luciferase (6, 12) suggested the possibility of using specific sequences from these genes as hybridization probes to identify organisms that contain luciferase genes and thus are capable of emitting light. We report here the development and testing of luciferasespecific (luxA) hybridization probes, i.e., probes generated by polymerase chain reaction (PCR) amplification of highly conserved regions of luxA (1, 5, 15, 22, 27) . These studies suggest that (i) such probes will be useful in the field for distinguishing among the four major groups of luminous bacteria tested, (ii) a mixed probe at low stringency will be valuable for detecting all of the different luminous species identified, and (iii) the PCR method will be valuable for generation of probes for other luminous species.
MATERIALS AND METHODS
Growth and maintenance of bacterial strains. The bacterial strains used in these experiments are shown in Table 1 , along with strain numbers and relevant references. All marine strains were grown and maintained on SWC broth or agar, containing, per liter of 75% artificial seawater, 5 g of BactoPeptone, 1 g of Bacto-Yeast extract, and 3 ml of glycerol (33) , at 17°C. Nonmarine bacteria were grown and maintained on LB broth or agar (26) 25, 42, or 65°C, depending on the experiment. Hybridized filters were then exposed to Kodak X-Omat film at -80°C.
RESULTS
Comparison of the published luxA sequence for P. Ieiognathi (1) with that of V. harveyi (5) revealed two regions of perfect homology separated by 676 bp. These sequences were used to construct two oligonucleotide primers (Fig. 1) . The forward primer consisted of 26 bases of the luxA sequence to which both a HindIII site and an additional ACAC sequence were added at the 5' end. The reverse primer consisted of 23 bases of the luxA sequence to which both a BamHI site and an additional AAAA sequence were added at the 5' end. Addition of the restriction sites facilitated cloning of the PCR products into bacteriophage M13 to verify their authenticity by sequence analysis (29) .
The oligonucleotides were used to prime the synthesis of a 745-bp fragment of luxA (676 bp plus the two primers) from P. leiognathi PL721, P. phosphoreum NZ11D, V. fischeri MJ-1, and V. harveyi B392. An ethidium bromide-stained gel showing the four PCR products is shown in Fig. 2 .
The specificity of the amplified luxA sequences was tested by hybridization to slot blots of DNAs from several luminous and nonluminous species. The results of such an experiment using a luxA probe from P. leiognathi are summarized in Fig. 3 . Equal amounts (5 ,ug) of genomic DNAs from the luminous species V. cholerae, V. fischeri, V. harveyi, V. vulnificus, V. orientalis, V. logei, V. splendida, P. leiognathi, and P. phosphoreum, as well as the nonluminous species Xenorhabdus nematophilus, Shewanella putrefaciens, and E. coli, were loaded onto slot blots and hybridized with the P. leiognathi probe. All hybridizations were done in 50% formamide-5 x SSC at 42°C. The SSC at 25°C, the P. leiognathi probe hybridized to DNAs from all of the luminous bacteria tested but to none of the negative control (S. putrefaciens, X. nematophilus, and E. coli) DNAs. As the wash stringency was increased, the probe showed greater species specificity, as evidenced by decreased signal strength in nonspecific slots. At the two highest stringencies, 0.5x SSC at 65°C and O.lx SSC at 65°C, the probe hybridized only to DNA from P. leiognathi (Fig. 3) . Figure 4 shows the results of high-stringency slot blot hybridization experiments using luxA probes from P. phosphoreum, V. fischeri, and V. harveyi. At a wash temperature of 65°C in 0.1 x SSC-0.1% SDS, the P. phosphoreum and V. fischeri probes hybridized only to P. phosphoreum and V. fischeri DNAs, respectively. The V. harveyi luxA probe hybridized to V. harveyi DNA, as well as DNAs from the closely related species V. vulnificus and V. orientalis.
The P. phosphoreum probe was also tested against two isolates from the Black Sea, BS1 and BS2, which have been identified as P. phosphoreum by numerical taxonomic methods and 16S rRNA sequence analyses (41) . At high stringency, the P. phosphoreum probe hybridized only to DNAs from the three P. phosphoreum strains (Fig. 5) Another question of interest with regard to the hybridization probes was whether or not they could be used to detect lux genes from taxonomically distinct luminous species. For these experiments, we used a mixed probe containing equal amounts of PCR-generated probes from all four luminous species. Figure 6 shows that this mixed probe was capable of detecting both the nonmarine species X. luminescens (11) and the psychrophilic marine bacterial group S. hanedai (21, 24) , which is a physiologically distinct (obligately respiratory) group of luminous bacteria.
DISCUSSION
The results presented here suggest that hybridization probes directed against the luxA gene should provide a valuable tool for the study of the microbial ecology of luminous bacteria. When high-stringency conditions were used, good species specificity was obtained with three of the probes (V. fischeri, P. phosphoreum, and P. leiognathi).
Hybridization probes generated from each of these species cross-reacted only with DNAs from members of the species used to generate them. However, some species cross-reactivity was seen, even at high stringency, with the probe generated from V. harveyi, which showed positive hybridization to DNAs from two closely related species, V. vulnificus and V. orientalis.
With the limited number of species and strains tested in these laboratory experiments, there was no case in which a probe that was generated to a given species failed to detect a member of that species. The other side of this story is that for most of the luminous species, there are nonluminous members (3, 18, 19) . It should be possible to determine whether these are truly nonluminous (e.g., without the lux genes) or simply mutants of luminous counterparts by using probes of the kind described here. Preliminary results with mixed probes used at low stringency indicate that they are useful as general lux probes. We have examined (by colony hybridization) more than 40,000 nonluminous bacterial colonies isolated from the field and have seen no false-positive interactions with the lux probes (data not shown).
However Fig. 4 , in which the probe generated to B-392 (V. harveyi) showed very specific and strong reactions with the DNAs from two closely related species, V. vulnificus (36) and V. orientalis (53) . Not only do the luciferases of V. vulnificus and V. orientalis have slow kinetics similar to those of V. harveyi, but the bacteria are taxonomically very closely related species. It may well be that this hybridization probe approach will have limitations with organisms that are so closely related. The limits of the technique remain to be seen. With regard to this issue, several other species have luciferase with kinetic properties similar to those of V. harveyi (V. cholerae [52] , V. orientalis [53] , V. splendida [40] , V. vulnificus [36] , and Aeromonas salmonicida [52] ), and it will be necessary and important to test these systematically with regard to the specificity of the probes we have developed and, if possible, begin to focus on smaller areas of the lux genes that may be useful in distinguishing these closely related groups. In a similar way, another potentially interesting organism is V. Iogei (3), a species that is closely related to V. fischeri but does not show strong interaction with the hybridization probe developed to V. fischeri. As with all of these various groups, development of specific probes for each separate group will be required.
In all of the experiments reported here, the probes used were gene probes designed to detect similarities in the primary structures of the genes encoding the alpha subunit of luciferase. It appears that they also yield some useful taxonomic and ecological information. It may well be that organisms possessing more divergent luciferases cannot be identified by this approach, but the fact that phylogenetic outliers, like S. hanedai and X. luminescens, were detected and distinguished is encouraging. It seems more likely now that all bacterial luciferases will be detectable with our probes at low stringency. We note that there is no indication of the extent of lateral gene transfer of luciferase, which it is essential to understand to truly assess the ecology of the luminous bacteria and the utility of these methods. The techniques outlined here will be of value in assessing these issues.
The possibility that many organisms possess luciferaselike proteins but lack the ability to emit light has been suggested (18, 30) . The probe approach outlined here should be of great value in identifying such organisms. Our tests with laboratory strains examined at low stringency have shown no such organisms. These results are in opposition to at least three preliminary reports. The first report described measurement of low levels of bioluminescence by nonluminous species (32) . In the second instance, Greenberg et al. (17) reported induction of the lux systems of luminous bacteria by extracts of nonluminous species, suggesting that similar control systems exist in nonluminous bacteria. The third reported hybridization between nonluminous colonies isolated from nature and cloned lux genes used as hybridization probes (38) . In the latter study, the entire lux operon (which contained other genes in addition to luxA) was used for hybridization, so it is possible that hybridization may have been to other genes. In the former studies, there is no simple APPL. ENVIRON. MICROBIOL.
on August 27, 2017 by guest http://aem.asm.org/ Downloaded from explanation for the apparent contradictions. This is an important area that should be resolved and for which techniques of the kind described in this report should be of great value.
There are many examples of so-called nonculturable symbionts, i.e., bacteria that are bright in symbiotic light organ associations but have not been maintained in axenic cultures (19, 20, 23, 25, 30) . It should be possible to use our PCR approach to generate specific probes to these noncultured symbionts; such probes would allow examination of the surrounding environment for the presence of symbiotic bacteria. They could also be used in comparative DNA studies between these and other culturable bacteria (e.g., sequence comparison of the PCR-amplified luxA genes from the symbionts).
The results presented here are very encouraging with respect to the development of function-specific probes. The central questions that remain involve the utility of the probes under field conditions: in distinguishing species not yet tested and in detecting the natural ranges of variation between strains of a given species.
